Abstract: -The numerical study on the diffusion of turbulent submerged flows is extremely important to understand the core mechanism of the jet grouting technology, since the erosive efficiency of the jet and, consequently, the dimensions of columns strongly depends on the propagation of the jet in the space outside the nozzle. Even if the mathematical and numerical foundations of turbulence models are well known, the equations, because of closure assumptions, require dimensionless constants that can be fixed only by means of experimental data. In a previous study some of the authors presented a numerical finite-volume model simulating the turbulent diffusion of submerged jets that was initially calibrated with a set of experimental data reported in open literature, by taking into account only the variation of one model constant with the Reynolds number based on the nozzle diameter (ReD). In the present paper a multi-parameter calibration is carried out, by taking into account the variation of all the model constants with ReD. Finally, a comparison between the results obtained through single and multi-parameter calibration is performed in order to evaluate which is the best choice as a compromise between model accuracy and its simplicity.
Introduction
Ultra-high speed liquid jets are widely used in many industrial and mining processes to cut or clean rock and rocklike materials (e.g. [1] , [2] , [3] ).
The technique has been progressively extended from open-air use to underwater environment to dismantle marine structures or drill soil below the sea bottom [4] . First proposed in the mid sixties by a group of Japanese specialists [5] , the jet grouting technique, aimed at reinforcing soil at large depths by eroding, mixing in place and cementing it with the action of fluid binders injected with high speed, has been progressively developed in a variety of ways and currently applied worldwide to the solution of many geotechnical problems (e.g. [6] , [7] , [8] ).
Adopted jet grouting methods are classified, according to the number of the fluids injected into the subsoil, in three main categories: single (watercement grout), double (air + grout) and triple (water + air + grout) fluid. In the double-fluid system, the grout jet is wrapped by a coaxial air jet, whereas in the triple-fluid system the grout jet is preceded by a jet of water surrounded by air [9] . Technical improvements are continuously sought to increase the dimensions and the mechanical properties of the jet columns (e.g. [10] ).
The cutting action of submerged jets is also adopted to assist the mechanical mixing in the deep soil mixing technology [11] .
The cutting fluid is ejected with high velocity from a nozzle positioned on the lateral surface of a monitor inserted in a borehole. At the impact, the fluid threads deviate from their trajectory and tend to drag soil particles away from their original positions, with slightly different mechanisms dependent on the soil particle size [12] . Erosion takes place, therefore, with a speed depending on the combination between jet power and soil resistance ( [13] , [9] ).
The influence radius of the jet, i.e the maximum distance at which soil can be eroded, is dictated by the capacity of the fluid threads to maintain high velocities as far as possible outside the nozzle. This feature has been investigated in the past from experimental and theoretical perspectives. Different mathematical formulations have been proposed in the literature ( [14] , [15] , [16] ), which however do not converge to a unique distribution of velocity. It is, therefore, necessary to validate experimentally the predictive capability of each solution. On the other side, the available laboratory tests (e.g. [17] , [18] ) lead to results significantly depending on the assigned input conditions. Experimental determination of the whole velocity distribution is very difficult, being fluid ejected from small nozzles with very high speeds. As a consequence, the few available experimental studies are inadequate to completely describe the phenomenon, and provide, for instance, the distribution of velocity only along the longitudinal axis (e.g. [10] ), but not in the transverse direction.
In the attempt to complete this framework, clarifying the role of the involved variables and describing with simple formulas the evolution of submerged jets, a strategy combining experiments, numerical modelling and theory has been herein implemented. After a brief discussion of the turbulent mechanisms involved in the phenomenon based on a comparison among different experimental results, the details of numerical modelling are presented. The model, calibrated with a set of experimental results, is then used to perform a series of parametric analyses where the different input variables are varied within the typical range of jet grouting. Finally, simple analytical expressions taken from the literature are adapted to describe the velocity distributions along the longitudinal profile and in the cross sections at variable distances from the nozzle. This study is systematically developed for the case of single fluid systems, but the effects of enveloping the injected fluid with a coaxial jet of air are also reproduced to investigate the principles of double and triple fluid jet grouting systems.
As for most physically-based models, which are increasingly sophisticated, calibration of parameters is a problem of great complexity. The model contains parameters that cannot be measured directly due to measurement limits and scale issues. Nevertheless, the success of the application of any numerical model is strongly affected on how well the model is calibrated. Calibration becomes progressively a more difficult task as the number of the model parameters increases. Practitioners often count on knowledge and experience with the model to adjust the parameters through a manual trial and error procedure. However, this approach to calibration is subjective and laborious. Although modern hardware and software systems allow for high speeds and capacity nowadays, the choice of an optimization method which can effectively and efficiently identify good parameter sets is still a concern. Automatic calibration methods, which are objective and relatively easy to implement with high speed computers, have become popular in recent years. Global optimization algorithms can efficiently and effectively search optimum parameter sets that can minimize (or maximize) objective functions which represent the agreement between observations and model simulations. Here, the authors adopted the derivative free Nelder-Mead algorithm [19] , since the function to be minimized is not known in its explicit mathematical form and the iterative jacobian numerical evaluation resulted to be computationally very expensive, being based on fluid-dynamic numerical simulations.
Submerged flows
Starting from the nozzle, the jet moves across the surrounding fluid, assumed to be quiescent, with very high speed (typically hundreds of meters per second). However, while this speed can be approximately assumed constant along the longitudinal x-direction immediately out of the nozzle, as the distance from the nozzle increases the speed near the jet contour decreases. This decay is due to the viscous nature of the fluid tangential stresses developing at the jet contour, which causes part of the jet energy to be transferred to the surrounding fluid. Within a small distance (starting zone) from the nozzle the velocity decay only affects the external part of the jet cross section, but after a given distance the velocity of all the threads decreases, as shown in Figure 1 .
The nozzle diameters are very small (typically from 2 to 6 mm), and thus the extension of the starting zone is very limited (in the order of few centimeters) and not influent on the erosive capacity of the jet. The analysis of jet propagation becomes, on the contrary, relevant in the diffusion zone where much of the soil erosion takes place. The turbulence also causes that part of the surrounding fluid is entrained into the jet, with a consequent increase of the flow rate. The velocity in each point of the turbulent field can be seen as sum of a mean component, obtained by integrating the velocity vector in a sufficiently long time interval, and a fluctuation component randomly variable with time. While the fluctuation velocity has uncertain direction and intensity, the mean one is stationary, it is the predominant one and has a paramount importance on the cutting ability of jet. [20] . The computational domain (600-mm high and 1200-mm long) has been discretized into a finite number of cells with quadrangular basis, as shown in Figure 2 , on which the general equations of conservation (transport) are integrated.
The domain, which includes the nozzle and the surrounding volume, is symmetric along the jet axis and much wider than the diffusion zone of the jet, in order to limit the boundary effects on the analysis results. The jet mainly flows in the horizontal direction, so the upper wall has been considered impervious, as well as the boundary above the nozzle, while the front wall has been assumed permeable, with a constant hydraulic head (Fig. 2) . The calculation area delimited by these borders has been subdivided by a squared mesh (Fig. 2 ) of variable dimension: smaller clusters (0.6 mm side size) have been created near the nozzle to better catch the variability of velocities, whereas larger dimensions (with a maximum width of 2 mm) have been progressively assigned while moving away from the nozzle. The final mesh has been selected after a large number of trial and error tests, aimed at optimize the computational effort in relation with the accuracy and stability of the obtained solution.
In order to simplify the model, the fluid injected from the nozzle has been assumed to have the same composition and physical characteristics of the fluid filling the surrounding space. Although the inertial effects and buoyancy of the two fluids are different in reality, the fluid in which the jet occurs typically consists of underground water, floating soil particles and previously injected fluid(s). The differences between the rheological characteristics of the two fluids are not significant and the assumption is, therefore, acceptable.
The fluid behavior has been described through the k- turbulence model, that in steady-state conditions can be written as [21] : 
where  is the fluid density, μ is the laminar dynamic viscosity, T  is the turbulent viscosity, p is the fluid pressure, u is the fluid velocity vector, k is the turbulent kinetic energy, ε is the turbulent kinetic energy dissipation rate. The coefficients 1 2 , , , ,
tuned by a comparison with experimental data [22] .
The - model has been particularized in the range of velocities typical of jet grouting, calibrating its parameters with the above shown data of de Vleeschauwer and Maertens (2000).
The simple algorithm (e.g. [23] ) has been applied to solve equations and compute the velocity fields. A detailed description of the numerical model can be found in the Fluent manual [24] . More details on the numerical scheme can be found in ( [25] ).
In the previous work by [25] , however, after a preliminary sensitivity analysis, the following values (suggested by the authors) have been fixed for the coefficients In this work, instead, a better calibration for the whole set of parameters 1 2 , , , ,
been sought. In order to find the optimal values of these coefficients, the authors solved the following minimization problem in Scilab [20] through the Nelder-Mead algorithm:
where i is the considered experimental measured value and v exp and v num are the experimental and numerical axial velocity values, respectively, obtained from the data of [17] and from the finitevolume code.
Since the number of experimental points is small compared with the number of the optimization parameters, the authors added to the measured values two more equally spaced velocity values obtained from a cubic interpolation of the measured ones (Figure 3 ), for each interval between two consecutive measured values. The optimal number of the interpolated values was determined by the authors from a sensitivity analysis on the multiparameter calibration and verifying the stability of the single parameter calibration once this new values were added. Unfortunately, the lack of uncertainty values corresponding to the measured velocities from [17] did not allowed the authors to operate a regression instead of an interpolation using a more accurate functional relationship. The flowchart of the optimization procedure is reported in Figure 4 . 
Results
The numerical results obtained through multiparameter calibration, compared against singleparameter calibration and experimental data by [8] , are reported in Figure 6 .In particular, results are shown for a nozzle exit velocity value of 173 m/s. Table  1 . 
it is possible to obtain the plots in Figure 6 . As shown by Figure 5 , both single and multiparameter calibration assure a good agreement with the experimental data of [17] . Moreover both singleand multi-parameter calibration give very close absolute percentage errors. Therefore, singleparameter calibration appears to be the preferable procedure because of its simplicity.
Conclusions
In the present paper the authors compared the results of single and multi-parameter calibration of the closure constants of the k- turbulence model used in a numerical finite volume model simulating the turbulent diffusion of submerged jets. Both single and multi-parameter calibration show a good agreement with the experimental data and very close absolute percentage errors. Therefore, because of its computational simplicity, single parameter calibration appears to be the favourite procedure to be applied.
